. These data suggest that Dcx phosphorylation is developmentally regulated and corresponds to the expression of p35.
Dcx Is Codistributed with Cdk5 and p35
We next tested for codistribution of dcx with p35, p39, and cdk5 by in situ hybridization in mouse brain at E13, E16, and E18, corresponding to the major window of neuronal migration. Strong expression of dcx was detected in all regions containing postmitotic migrating neurons ( Figure 2B tubule structures as reported (Gleeson et al., 1999) in the perinuclear cell soma and to a lower extent in the leading and trailing processes. Strong Cdk5 immunorespectrometry, as residue serine 297 and a phosphopeptide-specific antibody to this site is reactive in brain activity was observed in these same regions as reported (Matsushita et al., 1995) . Although the Cdk5 signal was lysates from wild-type but not cdk5 Ϫ/Ϫ mice. Phosphorylation of Dcx by Cdk5 lowers its affinity for microtubules less fibrillar and more punctate, it was consistently contiguous with the Dcx signal ( Figure 2C ). Likewise, p35 and reduces the microtubule polymerization effect of Dcx. Mutations of Ser297 block the normal Dcx overeximmunoreactivity was observed in the same regions at the anterior perinuclear cytoplasm and to a lower extent pression phenotype in an in vitro neuronal migration assay. Cdk5 inhibition by roscovitine impairs the Dcx in the leading and trailing processes. These results indicate that Dcx, Cdk5, and p35 codistribute in migrating overexpression effect on migration. Together, these results suggest that phosphorylation of Dcx by Cdk5 reguneurons. Figure 3A) , eight of which are found in the C-terminal serine/proline-rich domain. cortical neurons. These were subject to immunoprecipitation with Dcx antisera, p35 antisera, or control rabbit
Previous reports indicate that a fraction of Dcx colates its effect on migration by reducing its
In transfected 293T cells, Dcx ran as a single band on Western blot, suggesting that kinases that are active serum. Dcx was immunoprecipitated with anti-p35 antibody, but not by control sera ( Figure 2D ). Similar coin brain are not present or not active in these cells. Therefore, we tested if Dcx transfected together with immunoprecipitation results were obtained with wholebrain lysates from P5 mouse, a time point with continued cdk5/p35 could reconstitute the phosphorylation. Dcx . In contrast, the same amount of Dcx treated with Cdk5/p25 led to slower misome Dcx was detected in the supernatant at 0.25 M NaCl ( Figure 5A ). In the presence of Cdk5 activity, Dcx crotubule polymerization rates and averaged 60% of the signal without Cdk5 activity at each time point. Active was more readily released from microtubules at 0.1 M NaCl, and a greater proportion was released at each or heat-inactivated Cdk5/p25 alone had no effect on tubulin polymerization ratio (not shown). This data indistepwise increase in NaCl concentration. These data suggest that phosphorylation by Cdk5 lowers the affinity cates Dcx phosphorylated by Cdk5 has reduced effect on microtubule polymerization compared with unphosof Dcx to microtubules in vitro.
phorylated Dcx.
In the previous experiment, Dcx may have been phosPhosphorylation of Dcx by Cdk5 Reduces Its Effect on Microtubule Polymerization
phorylated at multiple residues by Cdk5, and so to test for the specific effect of phosphorylation of Dcx at resiThe impaired binding of Cdk5-phosphorylated Dcx to microtubules may attenuate its effect on microtubule due 297, a pseudo-phosphorylation mutant was created Thus, these data suggest that the effect of Dcx on neuthe wild-type levels (data not shown). After 12 hr of ronal migration is at least partly dependent on Cdk5 acmigration, a fraction of the neurons had migrated radially tivity. from the reaggregates, and the distance between each GFP-positive cell body and the edge of the reaggregate Discussion was measured, allowing for an integrated measurement of the rate of migration for each neuron.
Distinct but Similar Mechanism Underlying Neurons transduced with GFP alone were positioned Migration Defects Caused by DCX Mutation indistinguishably from untransduced neurons (data not in Human and cdk5 Deletion in Mouse shown), suggesting that retrovial transduction itself had
The most noticeable similar features in DCX mutation no effect on migration. Neurons overexpressing wildand cdk5 deletion are an upper thin cell-rich layer 2 and type Dcx displayed a rightward shift of migration bin cell accumulation in the thick layer 4. In cdk5 knockout distribution, indicating enhanced migration distances as mouse brain, this layer 2 was shown to arise from early a whole ( Figure 6A Therefore, it appears that Dcx C reduces its ability to induce tubulin polymerization phosphorylation is required for localization to these fine its function. Countering these results was the finding that a 297D mutation also blocked the overexpression perinuclear microtubules. One potential explanation is that there might be other forces that select against incoreffect of Dcx on migration, suggesting that phosphorylation at this site is not sufficient for its function. It is poration of non-phospho Dcx (or other non-phospho MAPs) into these structures, which might render them possible that any mutation of S297 interferes with a critical protein interaction to inactivate Dcx. It is also more dynamic. Alternatively, non-phospho Dcx may have a higher affinity for more stable microtubules. Furpossible that this D mutation does not mimic phosphorylation at this site, or that phosphorylation at this site is ther study is in need to clarify phosphorylation effect of Dcx in different areas of the neuronal cytoplasm, not directly related to migration. However, the other results, together with this data, favors the model in which especially perinuclear versus distal regions.
Defects in microtubule dynamics in connection with it is the regulation of this phosphorylation that is critical for the function of Dcx. defects in nuclear migration were previously reported in other species. In A. nidulans, mutations in nuclear Roscovitine is a potent and selective inhibitor of Cdk5 at the concentration used (Meijer et al., 1997) et al., 2000) .
microtubules from wild-type and cdk5 Ϫ/Ϫ neurons were identified by tubulin staining from deconvolved images using the Linescan feature in Metamorph 4.5. The pixel intensity along microtubules for Cdk5 Kinase Assay both tubulin and Dcx was standardized by dividing by the average Recombinant Dcx fragments were prepared as HIS 6 -tagged prointensity for each signal across the entire image, in order to correct teins, concentrated to 2 mg/ml, and diluted to equimolar concentrafor variations in image acquisition. This ratio was averaged from tions as described (Taylor et al., 2000) . Recombinant GST-fusion three individual culture experiments. Cdk5/p25 proteins were used at 1 mg/ml concentration. Kinase assay was performed as previously described ( 
